ABSTRACT Measurements have been made of the fluxes of thallous ions (TI +) across the membrane of frog sartorius muscle fibers. These show that at an external concentration of 74 #M the influx is about 270 X I0 -16 moles/cm. 2 sec., while the efflux from a muscle with an internal concentration equal to the above is 5 X 10 -qb moles/cm3 sec. The efflux is increased of the order of 300-fold during a muscle twitch, and TI + reach a steady-state distribution between fiber water and Ringer solution that is very close to the corresponding ratio for K +. High concentrations of TI + depolarize the membrane about 58 mv. for a tenfold increase in external concentration. The results obtained are consistent with the view that the muscle fiber membrane cannot distinguish between the toxic heavy metal TI + and K +, provided that the concentrations of the former ion are kept low. High concentrations of TI +, if allowed to act for an appreciable period of time, lead to irreversible damage to muscle.
tinguishing between T1 + and K +. Before proceeding to describe the experiments, it appears worthwhile to list the experimental means available for detecting the physiological effects of K +. First, the m e m b r a n e has a high permeability to K + and this is measurable as a large and characteristic value for the influx and efflux of the ion (3, 4) . Second, the m e m b r a n e potential is largely controlled by the ratio [ K + ] J [ K + ] o , and as K + m o v e m e n t across the m e m b r a n e is considered to be largely passive, the ions assume a characteristic value for the D o n n a n ratio (5) . T h i r d , the K + permeability u n d e rgoes a large b u t transient increase d u r i n g an action potential and this is measurable as a large increase in K + fluxes ( p r e d o m i n a n t l y efflux) (6, 7) .
Methods
Because of the relatively low solubility product of T1CI, all experiments were carried out using a nitrate-Ringer of the following composition: NaNO3 110 mM, KNO3 2.5 mM, Ca(NO3)~ 1.8 m~a. When high concentrations of T1 + were used, T1NO3 was substituted for NaNO3 in the Ringer solution.
Measurements of the movement of T1 + were made using T1 ~°4, an isotope with a 0.77 MeV /~-particle and a half-life of 4 years. Counting was carried out using a thin window G. M. tube and the usual specific activity of T1 ~°4 was of the order of 50 curies/mole. With our most efficient counting arrangement 1 c.P.M, corresponded to 54 mpmole T1 (1 mpmole = 10 -16 mole). Because of the very low concentrations of T1 + that were used, all solutions were handled in plastic (polystyrene) laboratory ware. Petri dishes containing 20 ml. Ringer were used for influx studies, and plastic test tubes were employed for efflux studies.
Efflux measurements were made by collecting counts from a muscle previously loaded with TI 2°~ into 4 ml. of inactive Ringer solution. This was evaporated to dryness on a planchet and such planchets were repeatedly counted in an automatic sample-changing counter. For influx measurements, a muscle was immersed in active Ringer for the required time, was then given a 30 second wash in inactive Ringer, and placed in a plastic planchet in a way such as to secure reproducible positioning in the counting apparatus, and counted for 1 minute. At most, the influx was interrupted for 2 minutes to secure each point on the influx curve. At the end of an experiment, the muscle was counted, weighed, and then either dried in a planchet and recounted, or used for an efltux run. The difference between wet and dry count enabled one to correct for the self-absorption of/~-particles in the wet muscle. A control study with a perchloric acid digest of muscle indicated that the digest, when dry, and the dry muscle counted the same.
In some experiments the efflux of Na n was followed from muscle. Samples (either solutions or muscle) were counted in a scintillation well spectrometer set to accept pulse heights representing the positron annihilation radiation of the isotope. At high counting rates it was found necessary to standardize the position of the muscle in the well; if this is not done, a variable fraction of the counts appears at twice the energy of the principal photopulse.
Membrane potentials were measured with microelectrodes of 5 to 10 M o h m resistance when filled with 3 M KNO3. If KCl-filled electrodes are used, the tip rapidly plugs with solid TICI and the resistance rises to very large values. Nitrate-filled electrodes appeared to have rather large tip potentials and had, in addition, a junction potential owing to the lower mobility of NOB-as compared with CI-. Since the principal aim of the measurements we made was to determine differences in potential before and after treatment of a muscle with T1 +, the foregoing considerations do not represent serious sources of error. Muscles in N O r R i n g e r were mounted in a lucite chamber and 5 to 10 fibers were impaled and their potentials measured. The solution surrounding the muscle was then changed to one containing T1 + and after 15 minutes, measurements were repeated. The solution was then again changed to N O r R i n g e r and the potential measurements repeated. The microelectrode was connected via a cathode follower to the vertical amplifier of an oscilloscope. Only potentials that appeared as an abrupt displacement of the oscilloscope trace were recorded.
Most of the muscles used were analyzed for Na + and K + at the end of an experiment. The muscles were weighed and placed in platinum crucibles, ashed, and the ash brought up to a volume of 5 ml. with dilute HC1. Measurements were made in duplicate using a flame photometer.
Frog sartorius muscles were used exclusively in the measurements to be reported. For influx measurements, especially small frogs were selected and these yielded sartorii of 20 rag. For other measurements, the muscles weighed from 30 to 40 mg. For influx measurements, a small bit of thread was attached to a tendon and used as a handle in transferring the muscle from solution to counting planchet and back again. For efflux measurements, a muscle was attached, by threads around each tendon, to two platinum rods about 50 ram. apart. The muscle was mounted vertically, and attached to a 5 mm. length of the rod running horizontally. The rest of the rod was bent to a right angle and extended upward about 150 mm. The rods were insulated along their length with Teflon tubing except for the 5 mm. horizontal length, and were connected to a stimulus isolation unit. The two rods were clamped together and the whole assembly could be moved rapidly from one test tube to another during an efttux run. For studies in which stimulation of the muscle was desired, square wave pulses of 1 msec. duration were delivered to the rods, and the usual frequency of stimulation was 2/second. The stimulating current flowed in a direction parallel with the long axis of the muscle and its strength was adjusted to be supramaximal. As muscles fatigue rapidly at the frequency used, no more than 300 stimuli were given to a muscle. As the electrodes were generally 10 to 20 mm. from the muscle, tissue damage from electrode reactions seems most unlikely. All measurements were made at a temperature of 20-22°C.
In translating T1 + radioactivity in muscle into concentration of this ion in the fiber water, the extracellular space of the muscle was taken as 15 per cent of the wet weight, and the fiber water was assumed to be 70 per cent of the muscle weight after correction for extracellular space. A value of 530 cm.~/grn. (Harris (3) ) was used to convert fluxes per gram muscle to flux per cm. ~ of membrane surface. When using especially small sartorii, it is possible that the fiber diameter may have been smaller than that used in obtaining the above conversion factor. Such an effect would make the fluxes in this study somewhat too high.
Influx Measurements
The uptake of T1 + at a concentration of the order of 0.1 m u in N O r R i n g e r solution appears to be approximately described by a curve of the form y = (1 --exp --t/T), in which y is the uptake in moles/gram muscle, t is time, and T is a time constant. This finding is most simply understood by supposing that the influx of T1 + is constant, while the effiux increases linearly with the rise of the internal concentration of T1 +. Providing that the external concentration is sufficiently low so that the uptake of TI + by the muscle does not disturb the intracellular distribution of other cations, one should expect that uptake, at constant fiber volume, could also be expressed as in equation (1) 
is not quite in a steady-state with respect to K +, however, and in an experiment to be described below 
which gives the uptake of T1 + by a muscle exposed to a concentration of 0.074 rnM, that equation (2) is a reasonable approximation to the experimental findings when T, determined from efflux measurements, is 400 minutes. This result is also what one might expect to obtain if the uptake of K 4~ were being followed. The behavior of T1 + in muscle after equilibration times that are long, compared with the time constant for K + loss, is consistent with the expected behavior of K + but is of less interest than measurements of uptake after short duration exposures of muscle to T1 ~°4 as these permit an estimate of the influx of the ion. The uptake curve is quite linear for 60 minutes and its slope gives the influx of T1 + directly. Fig. 2 shows the results obtained for T1 + uptake by A second a p p r o x i m a t i o n would be to consider the effect of the change in m e m b r a n e potential on the distribution of N a +. FIGUp, E 2. The uptake of TI + by muscle is shown as a function of time. The ordinate is the ratio: T1 + concentration in fiber water to Tl + in NOs-Ringer solution. Muscles 10 (r, /) and 9 (r, l) were exposed to TI + at a concentration of I naM, all others to 0.074 raM.
a large number of muscles, when uptake is expressed as the ratio of T1 + concentration inside to out. This makes it possible to compare rates of uptake from solutions of different concentrations. Over periods of time of the order of 60 minutes the uptake is apparently linear and there is relatively little dispersion of the experimental points. The greater dispersion at longer times is to be expected on the basis that the muscles must be expected to v a r y considerably with respect to the constancy of Table I and the mean of these determinations may be compared M e a n 3.3 -q-0.21 M e a n , if [TI+]o = 2.5 mM 8.3 with values for K + influx. Sjodin (2) estimates that K + influx in sartorius should be close to 6 pmole/cm.~ sec. (on the basis of a measured influx of 3.8). The muscles we have used for influx measurement were especially small and may be expected to minimize extracellular space diffusion error. Hodgkin and Horowicz (7) find an influx of K + = 5.4 pmole/cm. ~ sec. for single fibers of the semitendinosus. Our value, 8.3, is rather higher than the estimates for K + but is clearly of the same order of magnitude; it represents an extrapolation in concentration from 0.074 to 2.5 raM, or a factor of 30 which may partly explain the discrepancy. Another factor is that we have no independent estimate of the specific activity of TI ~04 but have taken that of the supplier (Atomic Energy Commission, Oak Ridge); this may be subject to a 4-20 per cent error.
Effiux Measurements At the conclusion of an influx run, muscles were commonly placed in a N O r R i n g e r without TI+ so that the effiux of pre-viously a c c u m u l a t e d T I ~0~ could be followed. F o r such experiments, an efflux period was usually 15 m i n u t e s a n d counts were usually collected for 3 hours. tremes of this v a r i a t i o n is shown in Fig. 3 , where the two muscles shown as solid a n d o p e n circles h a d b e e n exposed to 1 mM T1 + while all the other muscles were in 0.074 n~ T1 +. Since all the muscles h a d b e e n exposed to T1 + for f r o m 2 to 4 hours, it was considered likely t h a t muscles in 1 mM T I + h a d u n d e r g o n e some irreversible d a m a g e , b u t this e x p l a n a t i o n seemed m o s t unlikely for the muscles in 0.074 mM T I +. T h e muscles used in these experi- ments were large (40 to 50 mg.) and when 30 mg. muscles were used the variation in effiux time constant was greatly diminished. We are unable to decide whether the findings of Fig. 3 are to be explained by some slowly exchanging extracellular depot of TI + or whether a small but variable fraction of the fibers is especially sensitive to TI + and undergoes irreversible changes much earlier than the majority of the fiber population. The most satisfactory measurements of efflux were obtained with a number of small muscles that were loaded with TI ~°4 especially for efflux measurement (i.e. no influx measurements were made) and the results obtained are shown in Table II . Aside from muscle a, which had an effiux per mM inside concentration that was much too high, the rest of the muscles appeared to have C. Table III reasonable values for efflux and time constant for loss. One of the difficulties with TI + efflux measurements is the extraordinarily minute quantities of T1 + that must be measured. The specific activity is entirely adequate for the task, but the low concentrations of TI + that are present in an efflux sample invite errors from the adsorption of the ions on a variety of materials such as particles of dust on the surfaces of the plastic tubes used to contain the efflux solutions. It seemed particularly important to examine the efflux of T1 + in stimulated muscle because it is a characteristic of K + that its effiux from muscle is greatly increased during an impulse. The results obtained from two stimulated muscles are shown in Fig. 4 , where the rate constant for T1 + effiux is plotted against time. The way of calculating the efflux from a stimulated muscle is illustrated by the following data from muscle d. In all, six muscles were used for efflux measurements and all of these showed a significant increase in their rate of loss of T1 + during stimulation. The results obtained are shown in Table I I I where it may be noted that the efflux per impulse is about 50 per cent larger than the efflux per minute from resting muscle, when the internal TI+ concentrations are equal. If it be arbitrarily supposed that during an action potential in muscle, the K + permeability, Px is held at a large value for 5 msec., then the T1 + effiux of 13 pmole/cm. 2 impulse is equal to 2600 pmole/cm. 2 sec. as compared with a resting value of 8.8 pmole/cm. 2 sec., or an increase in PT1 of 300-fold. 2 The Depolarization Produced by T1 + One of the most characteristic actions of K + is the depolarization of the muscle fiber membrane that it brings about at elevated external concentrations (5) . If TI + resembles K +, it ought to produce a similar depolarization. The depression of the membrane potential that is brought about by the penetration of foreign cations into muscle has T h e change of m e m b r a n e potential during a spike would increase the K + efflux at most 5 per cent if P x remained constant during stimulation at 2/second. b e e n a n a l y z e
d in d e t a i l b y S j o d i n (2) w h o s h o w e d t h a t Cs + p r o d u c e d a 22 m y . d e p o l a r i z a t i o n for a t e n f o l d i n c r e a s e in its e x t e r n a l c o n c e n t r a t i o n ; t h e c o r r e s p o n d i n g v a l u e for R b + w a s 32 m y . O u r e x p e r i m e n t s w e r e l i m i t e d b y t h e f i n d i n g t h a t m u s c l e s d e t e r i o r a t e v e r y r a p i d l y w h e n b r o u g h t in c o n t a c t w i t h s o l u t i o n s of t h e o r d e r of 100 mM T I +, as j u d g e d b y a n i n c o m p l e t e r e c o v e r y f r o m t h e c o n t r a c t u r e t h a t follows t r e a t -
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" ment with such solutions. Measurements were therefore made at concentrations of TI + up to 25 mM and Fig. 5 shows the results that have been obtained. The points shown represent the average from ten or more microelectrode penetrations on a single muscle and ordinarily muscles were treated with only one concentration of T1 + in order to minimize the deterioration of the preparation. A point of some interest in these measurements concerns the reversibility of the depolarization produced by T1 + because, it might be argued, a variety of toxic agents might be expected to depolarize the membrane by destroying it and such depolarization could not be expected to be reversed by the removal of the agent. Muscles treated with T1 + were subsequently washed with normal NOa-Ringer and after 15 to 30 minutes the membrane potentials of ten or more fibers were measured again. It can be calculated that the amount of TI + remaining in the fibers after a 15 minute pretreatment with 25 mM TI + and a 15 minute wash, should decrease the membrane potential previously measured by about 3 mv. Our measurements were of insufficient accuracy to detect this change and indicated only that the level of resting potential that the muscle showed prior to treatment with TI + was regained in a Tl+-free N O r R i n g e r solution. Treatment of a muscle with 25 m.M TI + for an hour leads to a poor recovery of the resting potential even allowing for the TI+ uptake brought about by this treatment. Our conclusion from these experiments is that over short periods of time TI+ reversibly depolarizes the muscle fiber membrane and that the membrane is about as permeable to T1 + as it is to K +. Sodium Distribution in Tl+-Treated Muscle Analyses for Na + and K + in muscles treated with T1 + showed that there was often a considerable gain in Na + during an experiment. It appeared useful, therefore, to examine the efflux of Na + from Tl+-treated muscle; this was done by measuring the effiux of Na ~2 from muscles previously loaded with this isotope. A muscle loaded with Na ~ was washed from 1 to 2 hours in inactive Ringer before efflux measurements were begun. After several control periods for the establishment of a normal efflux, 1 mM TI + was added to all subsequent wash solutions and the efflux of Na 2~ followed in the presence of TI+. The results are shown in Table IV , together with the mean values for [Na]~ and [K]~ in thallium-treated muscles. Because the muscles were gaining Na + so rapidly, it was difficult to estimate the specific activity of Na *~ in the fibers and the results are presented merely as the per cent change in efflux from control values. The data suggest that TI + has little influence on Na ÷ extrusion, apart from a possible transient increase, and that the high concentration of Na + found in muscle treated with T1 + for several hours is a result of an increase in the permeability of the membrane to Na + brought about by some toxic action of T1 +.
Experiments with Pyruvate Kinase An enzyme has been described (12) which catalyzes the reaction: phospho-enol-pyruvate ~ pyruvate -[-phos-phate. This is pyruvate kinase (pk), and it is a property of the enzyme that it requires the presence of K + or NH4 + for its activity. The enzyme has a remarkable ability to discriminate between Na + and K +, as the former ion has no measurable ability to act as a cofactor; it is reasonable to ask whether T1 + can replace K + in view of the similarity of action of these ions on the cell membrane. Crystalline pk was obtained commercially as a (NH ~)2SO ~ suspension and this was dialyzed against 50 mM tris buffer (trishydroxymethylamino- methane) at pH 7.4 until tests for SO 4-were negative. The enzyme was then allowed to react with substrate in a way that could be followed in a spectrophotometer (13). This involved the following steps: the pyruvate produced from PEP reacts with reduced DPN in the presence of lactic dehydrogenase (ld) to produce lactate and DPN; the change in D P N H concentration is followed spectrophotometrically. The reagents were made up for enzyme assay in 50 mM tris-NO3 buffer and, in the absence of K + the rate of reaction was the same as the spontaneous rate of decomposition of DPNH. With K + at a concentration of 75 mM, the rate of reaction was easily followed but when 75 mM T1 + was added instead of K + there was no measurable reaction over the spontaneous decomposition. Tests were made to determine whether T1 + might precipitate either ADP or PEP and so interfere with the reaction. No precipitation took place at concentrations ten times those used in the assay reaction. It is clear that the enzyme, which does give a reaction with Rb + and Cs +, is able to discriminate absolutely between TI + and K +. This finding suggests that for an ion to be a replacement for K + in the enzyme reaction certain requirements with respect t o electronic structure 8 are important, in distinction to the requirements for membrane penetration when the steric properties of the ion appear to predominate.
D I S C U S S I O N
It has been possible to predict the behavior of T1 +, in so far as the permeability of the muscle cell membrane is concerned, on theoretical grounds. Whether this is to be regarded as further confirmation of the hypothesis that ion penetration is related to the crystal radius (Rio,) or whether the results that have R e f e r e n c e 9. § Reference 10.
T A B L E V T H E P R O P E R T I E S O F S O M E M O N O V A L E N T C A T I O N S
[[ Reference 1. ¶ R e f e r e n c e 11 recent to bring values for K + in a g r e e m e n t with those of reference 9. ** Ref-
been obtained are to be regarded as some sort of coincidence cannot be des cided without a further examination of the physical and chemical propertieof monovalent cations. It may be claimed that because T1 + has the same limiting ion conductance (A®) as K + it is not surprising that i t penetrates at a similar rate. This argument runs into the difficulty that Rb + and Cs + also have the same A. but have inferior rates of penetration. Values for a 3 T1 + and Cs + have electronic structures that are somewhat similar in that both have electrons in the O shell; the K, L, a n d M shells are identical, while T1 + has 2, 6, 10, 14 N electrons, 2, 6, 1 0 , . . . O, and 2 P. Cesium, for comparison, has 2, 6, 10 N, 2, 6,. . . . . . . O.
variety of properties of the ions are shown in Table V . While A® differentiates Na + from the other alkali cations, and from T1 +, Rion differentiates Na + from K + and T1 + by about the same amount as it does K + from Cs +. It would appear, therefore, that even on an empirical basis, Rion is a better index to ion penetration rates and that furthermore the use of such an index has a reasonable theoretical basis. The heat of hydration of the ions serves also to distinguish Na + from the other alkali cations and T1 + but it is important to note that the heat of hydration can be expected to depend upon ion crystal radius in a predictable w a y ? From the standpoint of a physical significance of heat of hydration, one might suppose that it determines the ease with which the ion can be detached from the water structure and thus penetrate the membrane. Such a view runs into the unsatisfactory finding that Cs + with a significantly lower heat of hydration ought to penetrate more rapidly than K +, while the reverse is actually the case. Values for the solubility of the chloroplatinate have also been included to demonstrate that a selectivity of the membrane based on the formation of an insoluble complex also runs into the difficulty that such complexes will be stronger for R b + and Cs + than for K +. This argument cannot be pressed because we know relatively little about the factors that determine chemical complex formation for the alkali cations.
The most significant finding in this investigation is that the efflux of T1 + is increased during stimulation to at least the same extent as is that of K + in stimulated muscle. It seems difficult to escape the conclusion that neither the mechanism that determines the selectivity of the resting membrane toward ions, nor the mechanism that determines the selectivity of the active membrane can discriminate between K + and T1 + in spite of the obvious chemical differences in these ions. A further inference is that the mechanisms operating in both the resting and active membranes are the same in so far as the criteria they employ for distinguishing between ions. Such a finding, while not ruling out other explanations, is entirely consistent with the notion that selectivity is based on membrane pore size, and that increases in membrane permeability to an ion result from an opening up of a greater fraction of the membrane pores of a size appropriate for the passage of a particular ion (14) .
